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The development of effective prophylactic agents against gonorrhea and the study of adaptation by Neisseria 
gonorrhoeae to the urogenital mucosa are hindered by the lack of a well-established animal model of gonococcal 
genital tract infection. Here, a murine model of long-term gonococcal genital tract infection is described. 
Female BALB/c mice were treated with 17-P-estradiol and inoculated intravaginally with wild-type gonococcal 
strain FA1090 or MS11. N. gonorrhoeae was recovered from vaginal swabs for an average of 12 to 13 days 
following inoculation with 10 6 CFU of either strain. Inflammation occurred in over 80% of infected mice, and 
diplococci were associated with epithelial cells and neutrophils in stained vaginal smears. Ascended infection 
occurred in 17 to 20% of mice inoculated with strain FA1090. An outbred mouse strain (SLC:ddY) previously 
reported to be naturally susceptible to N. gonorrhoeae was also tested; however, as with BALB/c mice, estradiol 
was required for prolonged infection. Although piliation was not maintained during experimental murine 
infection, 46 to 100% of vaginal isolates from four of eight BALB/c mice and three of four SLC:ddY mice 
expressed one or more opacity (Opa) proteins within 4 days after inoculation with an Opa-negative variant of 
strain FA1090. The observed selection for and/or induction of gonococcal Opa protein expression during 
murine infection appears to parallel events that occur during experimental urethritis in volunteers. 



Gonorrhea holds a high rank among reportable infectious 
diseases in the United States, second only to Chlamydia tra- 
chomatis infection (8). Neisseria gonorrhoeae most commonly 
infects the urethra in men and the endocervix and/or urethra in 
women. The hallmark feature of acute gonorrhea is the pres- 
ence of a pyogenic response characterized by a frank, muco- 
purulent exudate containing polymorphonuclear leukocytes 
(PMNs) with intracellular gonococci. Asymptomatic infection 
can occur in both genders. Ascension of the pathogen to the 
upper reproductive tract results in more serious infections such 
as epididymitis, endometritis, salpingitis, and pelvic inflamma- 
tory disease (PiD) (24). Women have the highest morbidity 
and mortality due to N. gonorrhoeae on account of the fre- 
quency of ascended infection and associated complications in 
females. N. gonorrhoeae is isolated from 40 to 50% of women 
with PID in populations where the incidence of gonorrhea is 
high (61). Over one million cases of PID occur in the United 
States annually, the health costs of which are staggering (58, 
60). 

The development of laboratory animal models of gonococcal 
infection is challenged by the human specificity of N. gonor- 
rhoeae. Rodent models using the implantation of subcutaneous 
chambers to stimulate mucosal infection (36, 40) and intraperi- 
toneal inoculation (44) or synovial injection (21, 22) to simu- 
late disseminated gonococcal infection and gonococcal arthri- 
tis, respectively, are currently employed to study gonococcal 
pathogenesis. Gonococcal genital tract infection of chimpan- 
zees and female mice has also been described. Male chimpan- 
zees develop a disease that closely mimics gonococcal urethri- 
tis in humans, and natural transmission of N. gonorrhoeae from 
an experimentally infected male chimpanzee to female chim- 
panzees was documented (reviewed in reference 3). However, 
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the use of chimpanzees as an experimental host for N gonor- 
rhoeae is no longer feasible due to the expense and limited 
availability of these animals. Female mice in the proestrus 
stage of the estrus cycle are susceptible to N. gonorrhoeae 
following intrauterine (7, 54) or intravaginal (28, 32) inocula- 
tion. However, with the exception of ddY mice, used by Kita 
et al. (32), colonization is short-term and gonococci are no 
longer recovered from mice upon transition into the luteal 
stage of the cycle, Taylor-Robinson et al. (57) treated germfree 
BALB/c mice with 17-P-estradiol to increase their susceptibil- 
ity to N. gonorrhoeae. Positive vaginal cultures were obtained 
for up to 39 days, and gonococci were associated with epithelial 
cells in vaginal smears. No inflammatory response was de- 
tected. Gonococci were isolated from endometrial and ovarian 
tissue, suggesting that local dissemination to the upper repro- 
ductive tract occurred. Despite this report, however, the use of 
estradiol to promote murine infection has not been pursued, 
for reasons that are unclear. 

In the absence of a well-established animal model of gono- 
coccal genital tract infection, experimental urethral infection 
of male volunteers has been used to address certain questions 
concerning gonococcal pathogenesis (reviewed in reference 
11). The human model is a valuable tool for ascertaining the 
requirement for certain gonococcal virulence factors in causing 
urethritis (12, 16). The population dynamics of gonococcal 
pilin (51, 55), lipooligosaccharide (LOS) (50), and opacity 
(Opa) protein (27, 56) expression have also been studied in 
male volunteers. Antigenic variation of these molecules in vivo 
may play a role in evasion of the specific immune response as 
well as confer adaptive advantages or provide functionally dif- 
ferent phenotypes. For example, a high percentage of gono- 
cocci expressing one or more Opa proteins were isolated from 
volunteers who were inoculated with a predominantly Opa- 
negative population of N gonorrhoeae. This observation sug- 
gests that there is a selective advantage to Opa protein expres- 
sion in the male urethra, such as enhanced adherence to and 
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invasion of host tissues (reviewed in reference 17) or protec- 
tion from components of the innate immune response (6). 

The human model is highly relevant for studying early events 
in gonococcal urethritis. Limitations to this model include the 
inability to fully study the effect of innate or acquired immune 
responses on gonococcal adaptation in vivo due to ethical 
restrictions against manipulating the immunological state of a 
volunteer or maintaining untreated experimental infection. 
Extrapolation of data from the human model to infection in 
females is also risky, since the microenvironment of the male 
urethra may diJfer substantially from that of the female repro- 
ductive tract. Gonococcal pathogenicity studies cannot be con- 
ducted with female volunteers due to the risk of serious com- 
plications, and therefore, the group that suffers the greatest 
mobidity from N. gonorrhoeae is virtually excluded from exper- 
imental research. Surrogate animal models for human infec- 
tion may at least partially satisfy the presently unfulfilled need 
for a female model of infection, as well as provide intermediate 
steps towards eventual testing of predictions regarding gono- 
coccal pathogenesis in male volunteers. Obviously, experimen- 
tal murine infection cannot fully mimic human disease due to 
the absence in mice of several human-specific factors that are 
utilized by N. gonorrhoeae during infection. However, the gen- 
ital tract of female mice shares many other features with that 
of humans, including similarities in oxygen tension, cervical 
pH, commensal flora, hormonally driven changes in mucus, 
and certain histological characteristics (7, 14). The murine 
immune response to infection is easily studied, and genetically 
defined strains of mice are available for evaluating the impor- 
tance of host factors in infection. The increasing availability of 
transgenic mice further increases the appeal of the laboratory 
mouse as a research tool for studying N. gonorrhoeae. In sum- 
mary, the physiologically balanced environment of the female 
mouse along with the presence of intact immune defenses may 
provide an experimental background against which critical sur- 
vival mechanisms utilized by N. gonorrhoeae can be delineated. 
In this report, long-term gonococcal genital tract infection of 
estradiol- treated BALB/c mice is described as a first step to- 
wards developing murine models for studying specific aspects 
of gonococcal pathogenesis. 

MATERIALS AND METHODS 

Bacterial strains and culture conditions. N. gonorriioeae FA1090 and MS 11 
were used in this study. FA 1090 is a scrum -resistant strain originally isolated 
from a female with disseminated gonococcal infection (DGI) (11). Variant A21 
is a predominantly piliated, Opa-negative variant of strain FA1090 that is capable 
of causing urethritis in male volunteers (11, 27). MS11 is a serum-sensitive strain 
originally isolated from a case of cervicitis (55, 56); an Opa-negative variant of 
the piliated MS11 variant, MS11A (18), was kindly provided by Hank Seifert 
(Northwestern University). MSllvar.72 is a nonpiliated, mouse-passaged variant 
of MS11A with an uncharacterized Opa phenotype. N. gonorriioeae was cultured 
on GC agar with Kellogg's supplements as described previously (27). GC agar 
with antibiotic selection contained VCNTS (vancomycin, colistin, nystatin, and 
trimethoprim sulfate) supplement (Becton Dickinson, Cockeysville, Md.) and 
100 jig of streptomycin sulfate (Sigma, St. Louis, Mo.) per ml. Incubation 
conditions for N. gonorrhoeae and for commensal bacteria were at 37°C in a 
humid atmosphere containing 1% C0 2 . All bacteriological culture media used in 
this study were purchased from Difco Laboratories (Detroit, Mich.). 

Mouse infection protocol. Four- to 6-week-old female BALB/c mice (17 to 
22 g) (National Cancer Institute, Bethesda, Md.) or SLQddy mice (25 to 30 g) 
(32) produced by a breeding colony originally imported from Japan (Japan SLC 
Inc., Hamamatsu, Japan) were utilized in these studies. Mice were housed in 
filter top isolator cages with autoclaved litter, food, and water. Following a week 
of acclimation to the animal facility, mice in the diestrus stage of the estrus cycle 
were identified by cytologtcal examination of vaginal smears (53), and a 5-mg, 
21-day control led- re lease estradiol pellet (Research of America, Sarasota, Fla.) 
was implanted intradermally. To reduce the overgrowth of commensal flora that 
occurs under the influence of estradiol, antibiotic treatment was initiated upon 
pellet implantation (streptomycin sulfate [1.2 mg] and vancomycin HCI [0.6 mg] 
twice daily intraperitoneal^ and trimethoprim sulfate [0.04 g/100 ml of drinking 
waterl). Two days after pellet implantation, mice were inoculated intravaginally 



with N. gonorrhoeae by first rinsing the vagina with 30 u.1 of 50 mM HEPES (pH 
7.4), followed by inoculation with 20 uJ of gonococci suspended in phosphate- 
buffered saline containing 0 JS mM CaCI* 1 mM MgCI* and 1% gelatin. Gono- 
cocci cultured on solid GC agar for 18 h were used in the inocula. The bacteria 
were harvested into the saline-based diluent with a cotton swab, and the suspen- 
sion was passed through a sterile 1.2-ujn-porc-size filter (Gelman Sciences, Ann 
Arbor, Mich.) to remove bacterial aggregates and thereby increase the accuracy 
of the dose. Filtered suspensions were adjusted to an^^ of 1.0, and appropriate 
dilutions were made to obtain the desired dose by using a standard curve 
established by comparing the Am versus CFU per milliliter of suspension. The 
number of gonococci in the inoculum was confirmed by a standard quantitative 
culture method in which serial dilutions of the inoculum were cultured on solid 
GC agar. Control (placebo) mice were inoculated intravaginally with the diluent. 

Monitoring of murine infection. Following inoculation, the vaginal mucosae of 
test mice were cultured each day by gently inserting a Dacron swab (PurFybr, 
Inc., Munster, Ind.) into the vagina. The specimen was resuspended in 100 ui of 
GC broth, and undiluted and diluted samples were cultured for N. gonorrhoeae 
on GC agar with antibiotic selection. Serial dilutions of the sample were made in 
GC broth containing 0.05% saponin (Sigma); this concentration of saponin was 
found to break up aggregated gonococci without decreasing viability and was 
therefore used to increase the accuracy of the quantitative culture method. Daily 
vaginal swabs were also cultured on Bacto heart infusion and Lactobacilli MRS 
agars to isolate facultatively anaerobic commensal bacteria. Preliminary identi- 
fication of commensal bacteria was based on Gram staining, colony morphology, 
and growth characteristics on sheep blood, MRS, or MacConkey agar plates. The 
antibiotic treatment regimen suppressed colonization by facultatively anaerobic 
commensal flora in the majority of mice, except for lactobacilli, which were 
cultured from about 50% of the mice 5 to 14 days after inoculation. Only the 
presence of enteric gram-negative rods and catalasc-positive, gram-positive cocci 
in clusters was associated with the clearance of gonococcal infection. Inhibition 
of N. gonorrhoeae by gram-negative rods and Staphylococcus spp. was reported by 
others (7, 54). Only 10 to 15% of mice were colonized with these particular 
commensals in each experiment, and these mice were excluded from the data 
analysis. In some experiments, mice were sacrificed by C0 2 asphyxiation to 
obtain endometrial tissue for culture. The uterine horns were immediately re- 
moved and dissected longitudinally. The mucosal surface was rinsed three times 
with 300 p.1 of sterile saline, and the wash fluid was collected and quantitatively 
cultured for N. gonorrhoeae. 

Measurement of inflammation. Vaginal smears were prepared from both test 
and control mice each day following inoculation with N. gonorrhoeae or the 
inoculum diluent, respectively. Smears were stained with a modified Wright stain 
(Leukostat; Fisher Scientific, Pittsburg, Pa.) and viewed under light microscopy 
to determine the percentage of PMNs among 100 vaginal cells. The average 
percentage of PMNs plus one standard deviation among placebo-treated con- 
trols was used as a baseline for each day following inoculation; test mice that had 
a higher percentage of PMNs than this value on any two consecutive days 
following inoculation were considered positive for inflammation. 

Opa protein analysis. Strain FA1090 has the capacity to express eight anti- 
gcnically different Opa proteins referred to as OpaA, -B, -C, -D, -E, -F, -K, and 
-I (4, 5, 13). The Opa protein phenotypes of FA1090 inoculum and murine 
isolates were determined by using Opa-specific monoclonal antibodies (MAbs) 
in a previously described immunoblot method. This method allows one to de- 
termine the predominant Opa phenotype within a colony following a single in 
vitro passage from the host (27). The MAbs utilized in this assay (H138, H4, 
H157, H164, and H156) are specific for epitopes within the hypervariable regions 
of seven of the eight Opa proteins of FA1090 and were kindly provided by Jamie 
Cannon (University of North Carolina). MAbs HI 38, H157, and H156 recognize 
OpaA, OpaC, and OpaF in FA1090, respectively. MAb H4 and MAb H164 
recognize an epitope present in OpaB and OpaD (MAb H4) and in OpaE and 
OpaK (MAb H164) (4, 5). Different Opa proteins within a strain confer different 
degrees of photo-opacity to a colony when viewed under a stereomicroscope, 
ranging from transparent to highly opaque. OpaD variants produce colonies that 
arc markedly opaque compared to those of OpaB variants, and OpaD has a 
higher apparent molecular weight than OpaB when analyzed by denaturing 
sodium dodecyl sulfate-polyacryl amide gel electrophoresis (SDS-PAGE) (4). 
Colony opacity and/or a difference in apparent molecular weight by SDS-PAGE 
was used to distinguish OpaB from OpaD expression among MAb H4-positive 
colonies. OpaE and OpaK variants both produce transparent colonies. Although 
there is a slight difference in the migration of OpaK and OpaE by SDS-PAGE 
(27), H164-positive colonies were not analyzed further. There is no MAb specific 
for the Opal protein of FA1090. Opal variants were identified by colony opacity, 
since the expression of Opal confers a markedly opaque colony morphology 
which is highly predictive of Opal expression (27). MAb 4B12 is specific for a 
conserved linear epitope present in all Opa proteins (2) and was a generous gift 
of Milan Blake (North American Vaccines, Inc., Beltsvillc, Md.). MAb 4B12 was 
used to confirm the expression of Opal in randomly picked colonies with Opal 
morphology and of OpaF in MAb H156-positivc variants, since Mab H156 binds 
weakly to OpaF in the described immunoblot procedure. SDS-PAGE and West- 
ern imraunoblotting of whole bacteria cultured from frozen primary isolates were 
performed as described previously (27). 

Serum bactericidal assay. Scrum was obtained from pooled venous tail blood 
of estradiol-treated SLCddY mice and from a healthy female volunteer. Serum 
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FIG. 1. Duration of recovery of N. gonorrhoeae from vaginal swabs of estradiol-treated BALB/c mice following intravaginal inoculation with wild-type strains 
FA 1090 var. A21 and MSI 1A or the mouse-passaged variant MSI 1 van 72. The bacterial doses shown were tested two or more times for each strain, and the results were 
similar. 



was separated from clotted blood within 30 mm after collection and used imme- 
diately or frozen at -80°C before being tested for bactericidal activity. The 
bactericidal activity of human and murine sera against N. gonorrhoeae was tested 
essentially as described by Chen et al. (9). Briefly, serial dilutions of human or 
murine serum were made in Eagle's minimal essential medium (EMEM) (Bio- 
fluids, Inc., Rockville, Md.). Bacteria cultured for 18 to 22 h on GC agar were 
suspended in saline to anA^ of 0.46 and diluted 1:1,000 in EMEM to obtain 10 5 
CFU/ml. Equal volumes (70 u.1) of bacterial suspension and diluted scrum were 
combined and incubated in triplicate wells of a 9 6- we It microliter plate for 1 h at 
37°C in 5% C0 2 . The number of viable bacteria present in each well following 
this incubation period was determined by standard quantitative culture. No 
significant decrease in the number of viable gonococci occurred in EMEM 
without serum during the 1-h incubation period. The degree of serum bacteri- 
cidal activity was measured by comparing the number of CFU that were isolated 
from wells containing serum to that obtained from wells in which bacteria were 
incubated in EMEM alone. The experiments were repeated twice to test repro- 
ducibility, and the results were similar. 

RESULTS 

Experimental infection of estradiol-treated BALB/c mice. 
Attempts to establish long-term infection in untreated mice 
(DBA, CD-I, and BALB/c) following intravaginal inoculation 
with N. gonorrhoeae were unsuccessful. As reported by others 
(7, 28, 54), gonococci were recovered for an average of 24 to 
48 h after inoculation. High numbers of PMNs were seen in 
vaginal smears from the majority of mice within 48 h after 
inoculation due to either the occurrence of inflammation or 
the natural transition into the metestrus and/or diestrus phase 
of the estrus cycle. Therefore, based on the report that estra- 
diol increases the susceptibility of mice to gonococcal genital 
tract infection (57), estradiol was used as described in Mate- 
rials and Methods to promote prolonged infection of mice. 
Antibiotics were included in the infection protocol based on 
pilot studies which showed that simultaneous treatment with 
17-(i-estradiol and antibiotics resulted in a markedly longer 
duration of recovery of N, gonorrhoeae from mice than did 



treatment with either agent alone. As shown in Fig. 1, the 
average duration of bacterial recovery from the vaginas of 
estradiol-treated BALB/c mice was 4.8 days (n = 5) and 12.8 
days (n - 5) following inoculation with 10 5 or 10 6 CFU, re- 
spectively, of wild-type strain FA1090. Gonococci were recov- 
ered from mice for an average of 10.8 days (n = 4) and 12.2 
days (n = 6) following inoculation with 10 5 or 10 6 CFU, re- 
spectively, of strain MS11A A mouse-passaged variant of 
strain MS11A was isolated following two sequential passages 
through mice and tested to see if it was better adapted for 
murine infection. The infectious dose for this variant 
(MSllvar.72) was unexpectedly higher than that of the wild- 
type parent, however, with 4 X 10 6 CFU required for long- 
term recovery (^5 days) in > 80% of mice. 

Quantitative culture results suggest that bacterial replication 
occurred in vivo. In most cases, the number of gonococci re- 
covered from vaginal swabs decreased a few days after inocu- 
lation, followed by a 2- to 3-log 10 -unit increase in recoverable 
gonococci (Fig. 2A). In all experiments, higher numbers of 
gonococci than the number that was inoculated were recovered 
from at least one mouse in each experimental group. Interest- 
ingly, intervals of 2 to 5 days during which only a few or no 
gonococci were detected occurred in some mice, followed by a 
dramatic increase in recovery. These intervals of reduced re- 
covery typically occurred 5 to 10 days after inoculation. Similar 
quantitative culture data were obtained from experiments with 
strains MS11A and MSllvar.72 (data not shown). There was 
no evidence of enhanced growth of the mouse-passaged vari- 
ant occurring in vivo. 

Unlike the results of Taylor-Robinson et al. (57), inflamma- 
tion in response to infection was detected in the majority of 
mice inoculated with any of the three bacterial strains tested. 
The daily percentage of PMNs in vaginal smears from individ- 
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FIG. 2. (A) Number of gonococci recovered over time from estradiol-treated BALB/c mice following inoculation with 10 6 CFU of strain FA 1090. Values are 
expressed as the log l0 CFU recovered in a 100-jxl suspension of vaginal specimen obtained on a swab. The data for the mouse represented by open circles illustrates 
a period of reduced bacterial recovery, as described in the text. In this mouse, £10 CFU was recovered over a period of 3 days, followed by a 2- to 3-log-unit increase 
in recovery. (B) Percentages of vaginal PMNs for individual test mice over time. The baseline percentage (average percentage of vaginal PMNs plus one standard 
deviation from placebo controls [n = 5]) is shown by the dotted line. The difference between the percentage of PMNs among test mice (n = 8) and that of control mice 
(n = 5) was statistically significant on days 2 to 4, 6 to 8, 10, and 12 to 14 (Student / test P s 0.10 for days 2, 6, 7, 8, and 12; P £ 0.05 for days 3, 10, and 13; and P < 
0.025 for days 4 and 14). The symbols representing each individual mouse are the same in panels A and B so that the degree of recovery of gonococci during periods 
of inflammation can be analyzed. 
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ual test mice inoculated with strain FA1090 compared to the 
baseline percentage derived from placebo- treated controls is 
depicted in Fig. 2B. A modest increase in the baseline percent- 
age of PMNs occurred over time in most experiments. PMNs 
were rarely seen in vaginal smears from control mice during 
the first 5 to 7 days following inoculation with the inoculum 
diluent; the average percentage of PMNs then gradually in- 
creased, generally due to one or two control mice out of five 
having low numbers of PMNs (<45% of vaginal cells). In 
parallel experiments, estradiol-treated control mice that were 
left uninoculated showed similar results, suggesting that the 
appearance of PMNs was due to decreasing levels of estradiol 
over time rather than to the induction of low-level inflamma- 
tion by ingredients in the diluent. In the representative exper- 
iment shown in Fig. 2, seven of eight (88%) estradiol-treated 
BALB/c mice inoculated with strain FA1090 had a higher 
percentage of PMNs than the baseline percentage on two or 
more consecutive days (Fig. 2B). Three of these mice (mice 1, 
5, and 8) cleared infection concomitantly with the development 
of inflammation. The persistence of high numbers of gonococci 
in the presence of inflammation in the remaining mice is illus- 
trated by comparing of the log 10 recovery of bacteria from 
individual mice (Fig. 2A) with the percentage of vaginal PMNs 
from each corresponding mouse (Fig. 2B). 

Experimental infection of SLCiddY mice. Based on reports 
that SLCiddY mice are naturally susceptible to gonococcal 
infection (32, 34), a breeding colony of these mice was im- 
ported to generate female mice for experimental infection. 
Long-term infection could not be established in SLCrddY mice 
by using the protocol of Kita et al. (32); however, estradiol 
treatment promoted susceptibility to infection. Gonococci 
were recovered from 50 to 80% of estradiol-treated SLCrddY 
mice for an average of 12 days (range, 5 to 15 days) following 
inoculation with 10 7 or 10 s CFU of the mouse-passaged variant 
MSllvar.72. In contrast to infection in BALB/c mice, an influx 
of vaginal PMNs in SLCiddY mice always coincided with clear- 
ance of infection. No inflammatory exudate was detected in 
SLCiddY mice that were colonized for >5 days. Lower doses 
of MSllvar.72 (10 5 and 10 6 CFU) resulted in fewer mice with 
inflammation, but a higher percentage of mice did not become 
infected. Inoculation of estradiol-treated SLCiddY mice with 
10 6 (n = 3) or 10 7 (n = 7) CFU of wild-type strain FA1090 
resulted in a vigorous inflammatory response within 1 to 5 days 
in all mice, coinciding 100% with clearance of N. gonorrhoeae. 
To compensate for the ca. 40% difference in body weight 
between 4- to 6-week-old BALB/c and SLCiddY mice, SLC: 
ddY mice were implanted with a higher-dose estradiol pellet 
(10 mg) and challenged with K gonorrhoeae MSllvar.72. No 
difference in results was observed between mice that received 
the 10-mg estradiol pellet and those that received the 5-mg 
pellet (data not shown). 

Upper reproductive tract infection. In two experiments, 
BALB/c mice infected with strain FA1090 were sacrificed to 
obtain endometrial tissue for culture. N. gonorrhoeae was re- 
covered from the uterine horns of one of six (17%) and one of 
five (20%) mice, with 6 X 10 1 and 1.7 X 10 3 CFU, respectively, 
isolated from mucosal washings. All mice in these experiments 
were sacrificed at 14 days after inoculation, except for one of 
the two mice with positive endometrial cultures, which became 
moribund and was therefore sacrificed on day 11. Both of the 
mice that had positive endometrial cultures appeared to be 
hyperpyretic and demonstrated weight loss (ca. 4 g) during the 
first week of infection. A few gonococci were isolated from the 
uterine horns of one of four BALB/c mice on day 14 following 
inoculation with strain MS11A; no gonococci were isolated 
from the uterine horns of five BALB/c mice infected with 
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FIG. 3, Vaginal smears showing N. gonorrhoeae adhering to murine epithelial 
cells 2 days after inoculation (A) and within murine neutrophils 12 days following 
inoculation (B). Smears are stained with a modified Wright stain. A Gram stain 
of a smear from the same mouse prepared in parallel showed gram-negative 
diplococci. N. gonorrhoeae (but no facultatively anaerobic commensal bacteria) 
was isolated from this mouse at these time points. 



strain MSllvar.72. There was no evidence of ascended infec- 
tion in estradiol-treated SLOddY mice following inoculation 
with strain MSllvar.72 or FA1090. 

Gonococcus-host cell interactions. Stained vaginal smears 
from infected BALB/c and SLC:ddY mice revealed gram-neg- 
ative diplococci associated with murine epithelial cells. High 
numbers of gonococci associated with squamous epithelial 
cells were observed during early stages of infection; adherence 
to columnar epithelial cells was less frequently seen (Fig. 3A). 
Fewer numbers of epithelial cell-associated gonococci were 
noted at later time points. In mice in which inflammation 
occurred, gram -negative diplococci associated with or within 
neutrophils were readily detected in vaginal smears (Fig. 3B). 
Greater than 99% of gonococci in t& MS11A and FA1090 
inocula used in these experiments were piliated as determined 
by the colony morphology of inoculum isolates. However, a 
high percentage of murine isolates exhibited a nonpiliated 
colony morphology within 48 h after inoculation, suggesting 
that gonococcal pili may not play a role in murine infection. 
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Opacity protein expression during murine infection. Data 
from male volunteer studies suggest that the expression of 
gonococcal Opa proteins is selected for and/or induced in the 
male urethra following inoculation with a predominantly Opa- 
negative population of N. gonorrhoeae (21, 56). To determine 
if a similar phenomenon occurs during experimental murine 
infection, the Opa phenotypes of the inoculum and vaginal 
isolates from eight BALB/c mice inoculated with the Opa- 
negative variant A21 of FA1090 were assessed. Ninety-four 
percent of the inoculum isolates were of the Opa-negative 
phenotype; in contrast, high percentages of Opa protein-ex- 
pressing gonococci were detected among vaginal isolates from 
four of the eight test mice. Five mice were infected for 14 days 
(Fig. 4 A, mice 2, 3, 4, 6, and 7); greater than 50% of the vaginal 
isolates from three of these five mice (mice 2, 6, and 7) ex- 
pressed one or more Opa proteins within 4 days after inocu- 
lation. Two mice cleared infection within 2 days; 29 and 46% of 
the isolates from these mice expressed Opa proteins within 
24 h after inoculation (Fig. 4A, mice 1 and 8). No significant 
change in Opa phenotype was detected among isolates from a 
mouse infected for 5 days (Fig. 4A, mouse 5). Similar to pre- 
vious reports (27, 56), this dramatic change in Opa phenotype 
did not occur when the inoculum was passaged daily on GC 
agar plates for 5 days. In two experiments, high percentages of 
Opa protein-expressing gonococci were also isolated from one 
of two and two of two SLQddY mice inoculated with the 
Opa-negative variant A21 (Fig. 4B). No clear association be- 
tween the PMN responses and Opa phenotypes of vaginal 
isolates was observed for either SLQddY or BALB/c mice. 

A single Opa antigenic variant was highly represented 
among vaginal isolates from individual mice in which a change 
in Opa phenotype occurred. However, different Opa variants 
predominated in different mice (Table 1). High percentages of 
gonococci expressing more than one Opa protein simulta- 
neously were isolated from two of four SLCrddY mice. A 
similar scenario was noted during experimental infection of 
male volunteers (27). This observation is interesting since iso- 
lation of gonococci expressing more than two Opa proteins is 
rare in vitro and expression of multiple Opa proteins is rapidly 
lost upon subculture (personal observation). 

Sensitivity of N. gonorrhoeae to killing by mouse serum. To 
test the hypothesis that Opa-negative bacteria in the urogenital 
tract may be selected against by complement-mediated bacte- 
ricidal activity (6), the sensitivity of FA1090 variant A21 to 
serum from estradiol-treated SLCddY mice was tested. Nor- 
mal human serum was used as a positive control, and strain 
MSllvar.72 was included as a serum-sensitive control. No de- 
crease in viable counts occurred for either strain following 
incubation in 0 to 50% mouse serum. In contrast, dose-depen- 
dent killing of strains FA1090 and MSllvar.72 occurred fol- 
lowing incubation with normal human serum. As expected, 
MSllvar.72 was more sensitive to killing by human serum than 
was FA1090, with half-maximal survival (50%) detected fol- 
lowing incubation of MSllvar.72 and FA1090 in 2 and 25% 
serum, respectively. Heat treatment (56°C, 30 min) abolished 
the bactericidal activity of human serum against both 
MSllvar.72 and FA1090. The resistance of N. gonorrhoeae to 
the bactericidal activity of murine serum has been reported by 
others (7, 54). 

DISCUSSION 

An animal model of gonococcal genital tract infection is 
greatly needed to facilitate the development of vaccines and 
other prophylactic agents in the face of the continuing gonor- 
rhea epidemic. Such a model is also needed as an inexpensive 



tool for studying gonococcal pathogenesis in the context of a 
physiologically balanced environment in which immune de- 
fenses are intact. A female animal model is especially desirable 
so that adaptation of N. gonorrhoeae to the female reproduc- 
tive tract can be explored in vivo. This report describes a 
female mouse model of long-term gonococcal genital tract 
infection based on a modification of the technique described 
by Taylor-Robinson et al. (57). N. gonorrhoeae was recovered 
from estradiol-treated mice for as long as 14 days, after which 
the experiments were terminated. Infection was limited to the 
lower genital tract in the majority of mice, although ascension 
to the uterine horns occurred in 17 to 20% of mice inoculated 
with strain FA1090. These statistics are reasonable in light of 
the fact that ascended infection in women is estimated to occur 
in 10 to 20% of cervical infections (24, 61). Strain FA1090 is a 
serum-resistant strain isolated from a patient with DGL Future 
studies will focus on the capacity of serum-resistant versus 
serum-sensitive gonococcal strains to ascend to the upper re- 
productive tract and to disseminate to the bloodstream follow- 
ing lower genital tract infection in mice. 

It is not clear why exogenously administered estradiol in- 
creases the susceptibility of mice to N. gonorrhoeae. Estrogens 
have an anti-inflammatory effect (33, 47) and also cause a 
thickening of the vaginal mucosa via stimulation of the prolif- 
eration of epithelial cells. By maintaining an estrus-like state, 
inhibitory factors associated with later stages or their effects 
are perhaps reduced. The mouse estrus cycle lasts 4 to 6 days 
and consists of five stages (53). Proestrus and estrus are ana- 
bolic stages during which estrogens produced by developing 
ovarian follicles promote active cellular growth. These stages 
are marked by the presence of columnar or squamous epithe- 
lial cells, respectively, in vaginal smears. In normally cycling 
mice, proestrus is the most hospitable phase for N. gonor- 
rhoeae. Following ovulation, progesterone is secreted by the 
ruptured corpus luteum and high numbers of PMNs infiltrate 
into the vaginal lumen. Mice in these postovulatory stages 
(metestrus I and II and diestrus) are resistant to gonococcal 
infection, perhaps due to the abundance of phagocytes in the 
vaginal lumen, high numbers of commensal flora during 
metestrus, increased progesterone levels, and changes in mu- 
cus and cervical histology (7, 14). Interestingly, an association 
between culture positivity in infected women and the prolifer- 
ative (high-estrogen and low-progesterone) stage of the men- 
strual cycle is documented in several (26, 29, 35, 41) but not all 
(20, 39) clinical studies; this association is consistent with the 
influence of reproductive hormones on the susceptibility of 
mice to gonococcal infection. 

One complication to the model as presented is the need to 
suppress the overgrowth of commensal flora resulting from the 
massive accumulation of glycogen that occurs under the influ- 
ence of estradiol. To avoid the expense of using germfree 
animals, an antibiotic treatment regimen which adequately 
suppresses inhibitory commensal flora in the majority of mice 
was developed. Occasional mice are colonized with inhibitory 
gram-negative rods or staphylococcus-like organisms, however, 
and it is therefore necessary to monitor commensal flora in 
individual mice during experiments in which susceptibility to 
infection is being analyzed. Otherwise, conclusions regarding 
the effect of inflammation, immunization, or infectious dose on 
the rate and/or duration of infection may be false. For exam- 
ple, in the work presented here, mice with inhibitory commen- 
sal flora were excluded so that the infectious doses of different 
gonococcal strains could be compared without differences in 
commensal load confounding the data. 

The reliability of any nonhuman model of gonorrhea to predict 
events that are relevant to human infection is challenged by the 
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FIG. 4. Percentage of vaginal isolates from estradiol- treated BALB/c (A) or SLCddY (B) mice that express one or more Opa proteins following inoculation with 
a predominantly O pa-negative population of FA 1090. Percentages are based on 18 to 24 primary murine isolates for each time point and on 35 to 36 colonies isolated 
directly from the inoculum suspension and after in vitro passage of the inoculum for 5 days. Asterisks indicate time points for which the number of isolates was 
insufficient for analysis. Gonococci were recovered from BALB/c mice (A) for 2 days (mice 1 and 8), 5 days (mouse 5), and 14 days (mice 2, 3, 4, 6, and 7). Gonococci 
were recovered from SLCddY mice (B) for 4 days (mice 62, 66, and 17) or 5 days (mouse 9). Later time points are not shown for SLCddY mice because these mice 
cleared infection within 5 days after inoculation. 
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Strain and 
mouse no* 



BALB/c 
2 

6 
7 



SLC:ddY 
62 



17 



TABLE 1. Opa protein phenotypes of vaginal isolates from estradiol-treated BALB/c and SLC:ddY mice following 

inoculation with a predominantly Opa-negative population of FA1090 0 



Opa protein phenotype (%) on day. 



8 



Negative (79), 1 (13), E/K (4), 

B(4) , 
Negative (71), I (29) 
Negative (42), F (33), D (17), 

B(8) 



Negative (71), B (25), I (4) 

Negative (50), B,I (20), E/ 
K (13), B.E/K (6), B (6), 
F(6) 

Negative (88), B (6), F (6) 



Negative (44), 1 (44), B (4), 

A (4), D,I (4) 
I (100) 

Negative (67), B (13), I (13), 
D (4), F (4) 



I (46), negative (42), B (8), 
A (4) 

Negative (55), I (20), C (10), B,C (33), B (21), B,I (17), 

C,I (10), B (5) I (8), C,I (8), F,I (4), 

negative (4), B,C,E/K (4) 

Negative (58), I (18), B (8), 
C (8), F (8) 



Negative (55), I (20), F (10), 

B (5), A,I (5), A (5) 
I (95), E/KJ (5), negative (5) 
B (67), negative (25), B,F (8) 



a The inocula were 94% Opa negative, 3% OpaB, and 3% OpaA (BALB/c mice); 92% Opa negative. 4% OpaB, and 4% OpaA (SLCddY mouse 62); and 97% Opa 
negative and 3% OpaB (SLCddY mice 9 and 17). Other Opa variants were undoubtedly present in the inoculum suspensions but were below the limits of detection. 
* The BALB/c mice were from the experiment depicted in Fig. 4A, and the SLCddY mice were from the two experiments depicted in Fig. 4B. 



fact that N. gonorrhoeae utilizes several human-specific factors 
during natural infection. In particular, nonhuman models may 
be inappropriate for the study of gonococcus-host cell interac- 
tions due to the absence of the human-specific adherence re- 
ceptors. Specifically, the CD46 receptor utilized by gonococcal 
pili (30) is not expressed in mice (43), and no murine homo- 
logues to the carcinoembryonic antigen (CEA) family mem- 
bers utilized by gonococcal Opa proteins (10, 59) have been 
described. The availability of transgenic mice that express the 
CD46 (43) and CEA (19) receptors may at least partially over- 
come some of these host restrictions. Achievement of mean- 
ingful gonococcus-host cell interactions in any mouse back- 
ground may necessitate the use of intrauterine inoculation, 
however, since the columnar epithelium of the murine endo- 
metrium is more relevant to human infection than is the pre- 
dominantly squamous vaginal epithelium that is characteristic 
of mice under the influence of estradiol (14). 

In light of the constant shedding of mucus from the murine 
vagina (52), however, it is likely that gonococcal adherence to 
the vaginal mucosa occurred during the prolonged infection of 
mice described here. Indeed, gonococci were seen closely as- 
sociated with epithelial cells in stained smears from infected 
BALB/c mice. The gonococcal ligands responsible for these 
interactions are not known at this time. The receptor(s) for the 
hemagglutination activity associated with gonococcal pilin has 
not been identified (49); however, the loss of the piliation 
phenotype among murine isolates suggested that piliation may 
not play a role in experimental murine infection. Porat et al. 
(46) demonstrated that the terminal lacto-7v~-neotetraose moe- 
ity of gonococcal LOS binds to the asialoglycoprotein receptor. 
It is not known if similar binding occurs between this LOS 
species and the murine counterpart of this molecule (1). In the 
present work, gonococci were recovered from the mucosal 
surface of the murine vaginal lumen and endometrium; it is not 
known at this time if intracellular bacteria were also present. 

The inability of gonococci to utilize nonhuman transferrin or 
lactoferrin as an iron source (15, 37) is another obstacle that 
may impede the precise reproduction of human infection in 
mice. The importance of the gonococcal transferrin binding 
protein during gonococcal urethritis was recently demon- 
strated in male volunteers (16). The recovery of high numbers 



of gonococci during experimental murine infection, however, 
suggests that other sources of usable iron are present in cer- 
vical mucus. Candidate reservoirs include hemin, hemoglobin, 
and iron bound to metabolic intermediates such as isocitrate, 
pyruvate, malate, and pyrophosphate (42). 

The gonococcal immunoglobulin Al (IgAl) protease is also 
host restricted in that it cannot cleave the murine structural 
class of IgA. It is hypothesized that IgAl protease increases 
gonococcal survival on mucosal surfaces by inactivating gono- 
coccus-specific IgAl (31). The relevance of this virulence fac- 
tor during infection of naive individuals is questionable, how- 
ever, based on the recent report that an IgAl protease mutant 
was infectious in. male volunteers (12) and on the inability to 
detect IgAl cleavage fragments in clinical specimens from in- 
fected patients (23). Recently Lin et al. (38) demonstrated that 
IgAl protease promotes intracellular survival by cleaving the 
phagosome maturation protein LAMP1. The host specificity of 
this interesting function of IgAl protease has not been re- 
ported. Additional roles for IgAl protease may exist, based on 
the report that an IgAl protease mutant of Streptococcus pneu- 
moniae was attenuated in a murine septicemia model (45). 

Despite the limitations described above, the use of estradiol- 
treated BALB/c mice to study gonococcal Opa protein expres- 
sion in vivo is supported by the changes in Opa phenotype that 
were observed during experimental murine infection. Al- 
though the susceptibility of untreated SLCddY mice to gono- 
coccal genital tract infection is questionable, it should be noted 
that Kita et al. (34) also described changes in Opa phenotype 
among isolates from infected SLCddY mice. The factors re- 
sponsible for the apparent selection and/or induction of Opa 
protein expression in vivo are currently unidentified. Antigenic 
variation of the Opa phenotype is the result of high-frequency, 
reversible phase variation of individual opa genes, each encod- 
ing an antigenically distinct Opa protein (reviewed in reference 
17). One might hypothesize that the change in Opa phenotype 
observed among urethral isolates from infected male volun- 
teers (27, 56) and vaginal isolates from experimentally infected 
mice is due to selection for Opa protein expression by compo- 
nents of the innate defense. In light of the fact that gonococcal 
Opa proteins mediate adherence and/or invasion of host epi- 
thelial cells in vitro, it is also possible that those Opa variants 
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capable of mediating adherence to and/or invasion of host cells 
have a functional advantage in establishing infection and there- 
fore would be more highly represented among reisolates. The 
latter hypothesis is not consistent with the phenomenon ob- 
served in mice, since mice do not produce the CEA family 
subgroup which serves as the Opa receptors (19). Finally, it is 
possible that Opa-positive gonococci that enter murine epithe- 
lial cells via a non-Opa-mediated pathway may have an advan- 
tage for intracellular growth, based on the demonstration by 
Williams et al. (62) that Opa proteins bind pyruvate kinase 
from human epithelial cells and that gonococci need to utilize 
pyruvate and/or lactate for intracellular growth. 

Not all BALB/c mice demonstrated a change in Opa phe- 
notype during infection. Interestingly, James and Swanson re- 
ported that although a predominance of opaque gonococcal 
variants occurred among cervical isolates from women in the 
proliferative stage of the menstrual cycle, transparent variants 
predominated among cervical isolates isolated during the lu- 
teal phase (25, 26). This observation, together with the report 
that opaque variants are more sensitive to progesterone in 
vitro than are transparent variants (48), suggests that proges- 
terone may select against Opa protein expression during in- 
fection of women. One might therefore hypothesize that the 
secretion of endogenous progesterone during experimental 
murine infection may also select against the expression of Opa 
proteins. While the mice used in the present study were under 
exogenous estradiol treatment, they were not ovariectomized, 
and therefore, progesterone secretion may have occurred dur- 
ing the course of the experiment. The influx of vaginal PMNs 
in some placebo-treated controls is consistent with this possi- 
bility, as is the absence of Opa-positive isolates in some mice 
following inoculation with an Opa-negative FA1090 variant. 
Ovariectomized mice may provide a useful background for 
addressing this hypothesis as well as for exploring the effects of 
reproductive hormones on gonococcal infection. 

In summary, the change in Opa phenotype observed in both 
male volunteers and experimentally infected mice is consistent 
with the theory that Opa protein expression confers an advan- 
tage to the gonococcus in the urogenital tract. It is still not 
clear if the observed changes in Opa phenotype during infec- 
tion reflect a selection against certain Opa phenotypes or if 
increased phase variation of opa genes occurs in vivo. Future 
studies using the murine model may elucidate the host factors 
and genetic mechanisms that promote gonococcal adaptation 
through changes in Opa protein expression. 
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